Cholesterol, due to its condensing effect, is considered an important regulator of membrane thickness. Other sterols, due to their structural similarities to cholesterol, are often assumed to have a universal effect on membrane properties similar to the condensing effect of cholesterol, albeit possibly to different degrees. We used X-ray diffraction to investigate this assumption. By the combination of lamellar diffraction and grazing-angle scattering, we measured the membrane thickness and the tilt angle distribution of the lipid's hydrocarbon chains. The method is sensitive to phase separation, which is important for examining the miscibility of sterols and phospholipids. Mixtures of ergosterol or cholesterol with DMPC, POPC, and DOPC were systematically studied. We found that mixing ergosterol with phospholipids into a single phase became increasingly difficult with higher sterol concentrations and also with higher concentrations of unsaturated lipid chains. The only condensing effect of ergosterol was found in DMPC although the effect was less than one third of the effect of cholesterol. Unlike cholesterol, ergosterol could not maintain a fixed electron density profile of the surrounding lipids independent of hydration. In DOPC and POPC ergosterol made the membranes thinner, opposite to the effect of cholesterol. In all cases the tilt-angle variation of the chain diffraction was consistent with the membrane thickness changes measured by lamellar diffraction, i.e., a thickening was always associated with a reduction of chain tilt angles. Our findings do not support the notion that different sterols have a universal behavior but differ only in degrees.
Introduction
A biological membrane is conceptualized as a system in which membrane proteins are hydrophobically matched to the equilibrium thickness of the lipid bilayer (1) (2) (3) . Cholesterol, due to its condensing effect, has been suggested to be a major regulator of membrane thickness (1) (2) (3) . The condensing effect was first discovered in monolayers (4, 5) , in which the area per phospholipid was found to decrease in the presence of cholesterol. Extensive studies of cholesterol-phospholipid mixtures in monolayers gave rise to the idea of cholesterol forming complexes with phospholipids (6) (7) (8) . The corresponding effect in bilayers is that the inclusion of cholesterol increases the thickness of phospholipid bilayer (9, 10) . In their pioneering work with X-ray diffraction on mixed bilayers of egg lecithin and cholesterol (9) , Levine and Wilkins showed that cholesterol had the effect of reducing the distribution of the lipid chain orientation to smaller tilt angles. Consistent with this effect, cholesterol increased the phosphate-to-phosphate distance across the bilayer (9) . Subsequently, the membrane thickening effect of cholesterol on other phospholipids has been measured by many investigators (10) (11) (12) (13) (14) (15) . In our previous study (16) , we showed that the condensing effect of cholesterol extended to the phospholipids not directly complexed with cholesterol; this might explain why the electron density profile of cholesterol-containing lipids becomes invariant with hydration (16) .
Other sterols found in membranes have not been studied as extensively as cholesterol. Nevertheless, because of their chemical similarities to cholesterol, they are often considered the structural equivalents of cholesterol and thought to play similar roles (17, 18) . Ergosterol, the major sterol found in the plasma membranes of yeast and other fungi (19) , differs from cholesterol in having an additional double bond in a ring of the steroid nucleus, and a double bond and an extra methyl group in the alkyl side chain (20) (see Fig. S1 ). A good number of experimental as well as molecular dynamic investigations have been carried out on ergosterolphospholipid systems (21) (22) (23) . However, many of their results are not in agreement with one another, in particular on the condensing effect of ergosterol (24) .
The majority of past studies concentrated on saturated chain phospholipids 14:0 PC (DMPC) and 16:0 PC (DPPC). Two independent simulations (21, 22) showed that the condensing effect on DMPC and DPPC by ergosterol was stronger than the effect by cholesterol. Several NMR studies reported that ergosterol was more effective than cholesterol in ordering the hydrocarbon chains of liquid crystalline DMPC (25, 26) and DPPC (27) up to 30 mol% of sterol concentrations. But at sterol concentrations of 40 mol%, ergosterol was less effective than cholesterol in increasing the chain order in DPPC (22) . A Fourier-transform infrared study (28) found that ergosterol at 28 mol% had a higher condensing effect on the fluid phase of DPPC than did cholesterol. Finally a small angle neutron scattering study (15) of DMPC containing 20 and 47 mol% sterol reported that ergosterol and cholesterol produced similar membrane thickness increases.
Two lipid systems including unsaturated chains, i.e., egg lecithin and 16:0-18:1 PC (POPC), have also been studied. A spin label electron paramagnetic resonance study (29) found that the effect of ergosterol depended strongly on the sterol concentration, ordering or disordering the egg lecithin chains below or above 15 mol%, respectively. NMR studies found that cholesterol was more effective than ergosterol in ordering the hydrocarbon chains of POPC (25, 26) . Adding ergosterol to a concentration of 25 mol% increased POPC chain ordering, but further addition of ergosterol had a smaller effect on chain order (25, 26) , in contrast to the effect of cholesterol on POPC where the effect on chain order was linearly proportional to the sterol concentration at least to 40 mol% (30) . Although these results were not mutually consistent on the sterol concentration dependence, in general the condensing effects of ergosterol and cholesterol were seen as comparable.
As demonstrated by Levine and Wilkins (9), X-ray diffraction directly measures the thickness of lipid bilayers and their associated chain tilt angle distributions. We used this method to compare the effects of ergosterol and cholesterol on one phospholipid with fully saturated chains (DMPC), one with two mono-unsaturated chains (18:1 (Δ9-Cis) PC or DOPC), and one with a saturated and a mono-unsaturated chain (POPC). The results were not what we expected from the previous publications cited above. Firstly, we found that mixing ergosterol with phospholipids was increasingly difficult with the increasing content of unsaturated chains; this is in contrast to cholesterol which has no difficulty mixing with all phospholipids (16) . Secondly, the thickening effect of ergosterol on DMPC is less than a third of the effect by cholesterol. Thirdly and most surprisingly, ergosterol actually slightly thins POPC and DOPC bilayers, opposite to the significant thickening effect by cholesterol on all lipids. These effects on the membrane thickness by both cholesterol and ergosterol are in accordance with the associated chain tilt distributions. Thus our results contradict the common expectation that different sterols exhibit a universal behavior and differ only in degrees (17) . We found that ergosterol has no condensing effect similar to that of cholesterol, except for a weak effect on fully saturated lipids.
Method

Materials
Lipids 14:0 PC (DMPC), 18:1 (Δ9-Cis) PC (DOPC), 16:0-18:1 PC (POPC) were purchased from Avanti Polar Lipids (Alabaster, AL). Cholesterol and ergosterol were purchased from Sigma-Aldrich (St. Louis, MO). All other reagents were from Sigma-Aldrich.
Sample preparation
Lipids and sterols were dissolved in chloroform (1mg in 40 µl) and mixed according to the chosen ratios. The solvent was evaporated in an oven set at 40 o C. The mixtures were redissolved in 1:1 chloroform and methanol at 1mg per 20 µl. The mixtures were subject to vortex mixing for ~30 mins. [This solvent mixture spreads the lipid more evenly on a (cleaned) glass surface (31) . For a silicon wafer substrate, we used 1:1 chloroform and trifluoroethanol (TFE) (31) .] Using a micropipette or a Hamilton syringe, 20 µl of the mixture was spread evenly over 18x18 mm 2 of a substrate, twice (thus each sample was 2 mg). After the solvent evaporated, the sample was kept in 100% relative humidity (RH) at 40 o overnight and used within 24 h of the initial mixing. More details of sample preparation are available in previous publications (32, 33) .
Lamellar diffraction
For X-ray lamellar diffraction measurement, the sample was kept in a thermally insulated chamber (±0.1 o C) that was equipped with mylar windows for X-ray passage. The chamber also enclosed a temperature-controlled water source for the humidity control. The relative humidity was measured by a hygrometer (Rotronic Instrument Co., Huntington, NY) which was calibrated using saturated salts. The details of the sample chamber have been described previously (32, 34) . The laboratory diffractometer consisted of a two-circle goniometer and a Cu Kα radiation source filtered by Ni and operated at 40kV/30mA. The two-circle goniometer was designed for vertical ω-2θ scan, so that the sample substrate was kept nearly horizontal during the entire measurement. This allowed us to measure the lipid samples at high hydration levels without the problem of sample-running that might occur if the substrate were oriented vertically as in a horizontal ω-2θ scan experiment. Both the incident and the diffracted X-rays were collimated by two sets of x-y slits.
As a routine procedure, we performed sample alignment prior to each ω-2θ scan [as described in (33, 35) ]. A two-dimensional (ω, 2θ) scan around the second or third Bragg peak was used to check the alignment of the ω-angle. A correctly aligned sample has the peak position exactly at = in the (ω, 2θ) plane. Also the quality of the multilamellar sample could be assessed by this scan. A cut through the center of the peak along ω gives the conventional rocking curve. All of our samples exhibited a narrow peak with a FWHM width 0.1 deg (Fig. S2 ), indicating excellent multilamellar alignment.
An attenuator was used to prevent the first order Bragg peak from saturating the detector. Each ω-2θ scan was measured from θ=0.5 to 10.5° with a step size ∆ =0.01°, one sec per step. Each sample was measured at several different hydration levels from ~95% to ~100% RH, for the purpose of using the swelling method to determine the phases of diffraction amplitudes (35) (36) (37) and for reaching the full hydration (32, 33) . The equilibrium of the sample at each humidity setting was ensured by the agreement of at least three consecutive diffraction patterns whose average was subsequently analyzed. Selected data points were measured with at least two separately prepared samples to ensure reproducibility. Each sample was measured twice to ensure that the samples were not damaged by radiation. In previous experiments we observed diffraction pattern changes when a sample was over-exposed; such a sample also produced extra spots in the thin layer chromatogram (37) .
The procedure for data reduction was described in many of our previous papers (35) (36) (37) . Briefly, data reduction started with the background removal and corrections for absorption and diffraction volume. Then the integrated peak intensities were corrected for the polarization and the Lorentz factors. The relative magnitude of the diffraction amplitude was the square root of the integrated intensity. The phases were determined by the swelling method (38) . With their phases determined, the diffraction amplitudes were Fourier transformed to obtain the transbilayer electron density profiles. The profiles were not normalized to the absolute scale, but they gave the correct phosphate peak-to-phosphate peak distances (35) .
Hydrocarbon chain diffraction
Grazing-angle scattering was performed at the beam line BL13A of the National Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan. The setup was similar to the one described in Yang and Huang (34) . The sample was horizontal and positioned to let a beam of 12 keV, size 0.6 × 0.3 mm 2 incident at ~0.3 o relative to the substrate. Scattering patterns were recorded on a Rayonix 165 detector (Rayonix, LLC. Evanston, IL) which was vertical, i.e., perpendicular to the plane of the sample substrate. An aluminum attenuator was used to keep strong reflection orders from saturating the detector.
Data analysis for chain diffraction
The point where the sample intercepts the incident X-ray is projected vertically onto the detector plane as the origin of the Q coordinates. The incident beam is on the y-z plane. The vertical and horizontal coordinates for a point P on the detector are P z and P x , respectively. Let H = the sample to detector distance. R = the sample to the data point distance. Define tan = Then the incident unit vector is ! = 0, , ; the scattering unit vector is = • , • , ν and the momentum transfer is
The chain tilt angle is given by
The intensity is corrected for the polarization factor ! , and the relative absorption
where is the absorption coefficient. The incident absorption, which is the same for all data points, is not corrected.
Result Miscibility of sterols and phospholipids
Multilamellar samples were prepared from the mixtures of sterol and phospholipid codissolved in chloroform. X-ray diffraction is sensitive to phase separation (39) ; therefore it provides a test for the miscibility. Lamellar diffraction generally produces more than one series of lamellar peaks if there is phase separation in bilayers (16, 39) . Undissolved cholesterol and ergosterol tend to form crystals (32) which are detectable by grazing-angle scattering. Fig. 1 shows the lamellar diffraction patterns of one POPC sample containing 29 mol% of ergosterol. Initially after the sample was prepared at 25 o C in full hydration, the lamellar diffraction pattern showed phase separation. The sample was then kept at 40 o C in full hydration and measured repeatedly as a function of incubation time. The sample appeared to equilibrate into a single phase by lamellar diffraction after ~10 h of 40 o C incubation. But the grazing-angle scattering of this sample showed diffraction signal from partially oriented ergosterol crystals which apparently were not dissolved in the lipid ( Fig. 1 and Fig. S3) . Fig. S3 ). C. Grazing-angle scattering from pure POPC (that contains no crystalline diffraction), for comparison with B. The small dark circles in B and C are the characteristic Kapton rings, due to several Kapton windows used at the beam pipe opening (to keep vacuum 10 -3 atm) and for the sample chamber. Note that the intensity of chain diffraction is much smaller than lamellar diffraction. In order to show the chain diffraction clearly, the contrast of the CCD image was adjusted to the low intensity range.
The solubility limits of sterols in phospholipids are an issue that has been previously investigated (40) . We did not attempt to find the solubility limit of ergosterol in multilamellar samples, because the solubility or miscibility depends on the temperature and the length of time a sample is incubated. We decided to prepare all samples the same way: all samples were incubated overnight at 40 o C in full hydration and measured within 24 h after the initial mixing (the detailed procedure is described in Method). X-ray measurements were performed at either Each sterol-phospholipid composition was measured for lamellar diffraction by θ-2θ scan and for lipid chain diffraction by grazing-angle scattering. We analyzed a composition only if it produced a single series of lamellar peaks and produced no sterol crystalline diffraction detectable through grazing-angle scattering. There is a noticeable difference between cholesterol and ergosterol in their miscibility with phospholipids. We found that all cholesterol-PC mixtures were in a single phase up to at least ~40 mol% of cholesterol, as was ergosterol-DMPC up to at least ~40 mol% of ergosterol. However, mixing ergosterol with POPC or DOPC became difficult at high sterol concentrations. Ergosterol-POPC mixtures were in a single phase only up to 20 mol% of ergosterol. Despite numerous trials, none of the ergosterol-POPC mixtures at 23 mol% were in a single phase. The highest ergosterol concentration in DOPC mixtures that produced a single phase was 7 mol%.
Electron density profiles of bilayers by lamellar diffraction
Examples of lamellar diffraction were shown in Fig. S4 . The electron density profiles across the bilayers were constructed from the integrated diffraction peaks (Fig. S4) (16) . We define the bilayer thickness by the phosphate peak to phosphate peak distance (PtP) across the bilayer at full hydration. The results are plotted in Fig. 2 , including previously published cholesterol/DMPC and cholesterol/DOPC results (16). Table S1 .
Cholesterol shows a strong condensing effect on DMPC, increasing its thickness from ~36.0 Å to ~43.3 Å. Ergosterol also shows a condensing effect, but less than one third of cholesterol effect, increasing the thickness from ~36.0 Å to ~38.0 Å (Fig. 2A) .
Most surprisingly, ergosterol caused thinning of POPC and DOPC bilayers, opposite to the condensing effect of cholesterol. Because of the limitation on the ergosterol concentration in DOPC, we carefully investigated the effect of ergosterol on POPC as a function of ergosterol concentrations up to 20 mol%. Fig. 2B shows our data measured in three different laboratories (R.O.C. Military Academy, Rice University, and NSRRC) by different investigators. Each investigator used the same method to independently prepare samples. The data show that not only ergosterol has no condensing effect on POPC, it actually causes slight thinning. Therefore it must have (slightly) increased the molecular area of POPC, opposite to the condensing effect of cholesterol.
Ergosterol mixed uniformly with DOPC only up to 7 mol% by our sample preparation. DOPC containing 9 mol% of ergosterol had only one series of lamellar peaks but its grazingangle scattering showed a minute amount of crystalline diffraction (Fig. S5) . Similar to the case of POPC, ergosterol slightly thinned the DOPC bilayers (Fig. 2C) .
In addition to the effects on bilayer thickness, the profiles of electron density also display the ordering effect on the lipid molecules. This is most obvious at high sterol concentrations. Fig. 3 compares the effects of cholesterol and ergosterol on the electron density profile of DMPC, which will be discussed below. Fig. 3 . Electron density profiles of DMPC containing 36 mol% cholesterol (A) compare with DMPC containing 38 mol% ergosterol (B). The profiles containing cholesterol are unchanged with the relative humidity from ~95 to 100% RH, whereas the profiles for DMPC containing ergosterol noticeably vary with humidity, particularly the phosphate peak position. The diffraction patterns for these electron density profiles are shown in Fig. S6 .
Tilt-angle distribution of chain diffraction
To understand the causes of the membrane thickening or thinning, we examined the tilt angle distribution of the chain diffraction by grazing-angle scattering. The hydrocarbon chains of phospholipids produce liquid paraffin-like diffraction at ~4.6 Å (9, 41) (Fig. 4) . Following Levine and Wilkins (9), we consider the hydrocarbon region of each bilayer as an assembly of domains; each domain consists of parallel-packed chain segments (9) . Each domain independently diffracts in a plane perpendicular to the axes of the chains, which make a tilt angle with respect to the normal to the plane of bilayer. According to this Levine-Wilkins model, the tilt angle distribution of the radially integrated chain diffraction represents the distribution of the chain segment domains in their tilt angles (42, 43) . Fig. 4 . The detector images of the grazing-angle scattering patterns. Each column is for one phospholipid in pure form (1st row), containing cholesterol at the labeled mol% (2nd row) and containing ergosterol at the labeled mol% (3 rd row). All samples were measured at full hydration. The center of the circular pattern is = 0 where the meridional axis is the ! coordinate. An attenuator was in place to block the strong peaks. The diffuse circular patterns (strongest at the equator) are the hydrocarbon chain diffraction bands, often called the paraffin bands or paraffin peaks. The contrast of the CCD image was adjusted to the low intensity range to enhance the chain diffraction, that also exaggerated the intensity of the Kapton rings and the reflections on the z axis.
First, the raw data was re-plotted in the plane of momentum transfer components (43) ! vs. !" (Fig. 5A ) (see Method). Here the chain tilt angle is the projection angle of onto the plane of membrane (xy plane). Note that the detectable range of ( ! , !" ) is limited by the diffraction geometry and the incident angle (44) . At the incident angle = 0.3°, the detectable range includes 0 ≤ ≤ 81.8°, sufficient for the lipid systems studied here.
The diffraction intensity along a radial direction was integrated after removing the background (Fig. 5B) . The radially integrated intensity is proportional to the probability P of diffraction from a chain domain oriented at some tilt angle and some azimuthal angle . However the chain orientation is independent of the azimuthal angle, therefore the probability P is only a function of the tilt angle: ( ). Assuming that the chain orientation is limited to the solid angle within one hemisphere, the integration of ( ) over the hemisphere equals one:
. This condition is used to normalize the distribution functions ( ) for different sterol concentrations. The normalized distribution function ( ) is plotted on the coordinate cos , so that the area under each distribution represents the probability of finding the chains at the corresponding tilt-angle (Fig. 6) . Fig. 5 . Data reduction for chain diffraction. A. As an example, the chain diffraction pattern of pure POPC has been re-plotted in the ( ! , !" ) plane. The red line is a radial cut at the chain tilt angle . B. The diffraction intensity along a radius on panel A in a series of , after removing the background. Fig. 6 . The tilt-angle variation of the normalized radially integrated intensity ( ). In each panel the data for the lipid in its pure form are in black, for the lipid containing ergosterol in green, and for the lipid containing cholesterol in red. The data are up to 38 mol% of cholesterol in all lipids, so are ergosterol in DMPC. For POPC, the data are up to 20 mol% of ergosterol. For DOPC, the data are up to 7 mol% of ergosterol.
Discussion
The model conceptualized by Levine and Wilkins for chain diffraction is not an exact theory in the fluid phase of lipids, as pointed out by Warren in his analysis of the paraffin peak (41) . It would be exact if the chain domains consist of regular hexagonal packs of cylindrical chains, as, for example, in the gel phase of DMPC (39) ; such a model [e.g., (45) ], if applied to our data, would not produce bilayer thicknesses in agreement with the measured PtPs. How to refine the model so as to quantify the relation between the chain diffraction and the bilayer thickness is still unknown. We will show that qualitatively the tilt-angle variation of the chain diffraction (Figs. 4, 6 ) is consistent with the membrane thickness measured by lamellar diffraction (Fig. 2) . Because our results on the condensing effect of ergosterol contradict previously published conclusions, it is important that two independent methods, i.e., the thickness measure and the chain angle distribution, both support our results.
Cholesterol increased the thicknesses of all phospholipids (Fig. 2) in agreement with earlier measurements (9, 10, (12) (13) (14) (15) 46) . In DMPC, the increase was over 7 Å. Ergosterol also increased the thickness of DMPC but its effect was less than one third of the effect of cholesterol ( Fig. 2A) . Consistently, both cholesterol and ergosterol reduced the chain tilt, i.e., redistributed the chains in high tilt-angles to low tilt-angles (Fig. 6A) . The smaller tilt angles create larger projection of the chain segments in the normal direction resulting in a thicker bilayer.
Our experiment found another important difference between cholesterol and ergosterol in their interactions with DMPC. It is well known that a pure lipid bilayer changes its electron density profile and thickness with the degree of hydration over a range of relative humidity ~95-100% (9, (46) (47) (48) . But if the bilayers contain a significant amount of cholesterol (≳ 9 mol%), this effect is absent (10, 12, 16, 46, 48) and the structure of the electron density profile of the bilayer becomes independent of the degree of hydration (12, 16) . For this reason, cholesterol is called a membrane thickness buffer (12) . Fig. 3 shows the electron density profiles of DMPC containing 36 mol% cholesterol compared with DMPC containing 38 mol% ergosterol. The profiles containing cholesterol are unchanged with humidity from ~95 to 100% RH, whereas the profiles for DMPC containing ergosterol noticeably vary with humidity. Furthermore, the electron density profile of DMPC containing cholesterol shows the details of density variations somewhat similar to pure DMPC in the gel phase (49) . In contrast, the profile for DMPC containing ergosterol is much smoother, indicating more disorder among the individual lipid molecules.
Our results show clearly that the condensing and chain-ordering effects of ergosterol on DMPC are smaller than that of cholesterol. This is contradictory to almost all previous studies, both experimental and molecular simulation based, which found the condensing and chainordering effects of ergosterol on DMPC stronger than (or in one case comparable to) the effects of cholesterol (15, 21-23, 25, 26) .
The difference between ergosterol and cholesterol is much more obvious for their interactions with POPC and DOPC. Whereas cholesterol induces a strong condensing effect that thickens both POPC and DOPC bilayers, ergosterol shows no condensing effect in POPC and DOPC at all. We have systematically measured the effect of ergosterol on POPC up to 20 mol%. The POPC bilayer thickness systematically decreased, although only slightly, with the ergosterol concentration (Fig. 2B ). This result is entirely consistent with the tilt-angle distribution of the radially integrated intensity of chain diffraction shown in Fig. 6B , where cholesterol strongly reduced the chain tilt to smaller angles, but ergosterol showed no effect. The effect on DOPC by ergosterol ( Fig. 2C and 6C ) is similar to that on POPC, although the measurement was limited to relatively small ergosterol concentrations in DOPC.
Thus, our results show no ordering effect on the lipid chains of POPC and DOPC by ergosterol. This contradicts previous NMR studies (25, 26, 30) which reported that ergosterol increased the order of the phospholipid acyl chains in POPC up to 25 mol% and beyond that level, it had a smaller ordering effect.
For our experiments, the quality of samples was an important issue. We used the combination of lamellar diffraction and grazing-angle scattering to detect possible phase separation in multilamellar samples. By these criteria, our sample preparation produced no single phase, uniform samples of POPC containing ergosterol above 20 mol% and no single phase, uniform samples of DOPC containing ergosterol more than 7 mol%. In contrast all phospholipids containing cholesterol, prepared in the same way, were in a single phase, at least up to 40mol%. At least one previous report (25) indicated the possibility of aggregations occurring in their samples containing more than 25 mol% ergosterol.
Cholesterol apparently has the effect of straightening and therefore lengthening the lipid chains, both saturated and unsaturated. As first pointed out by Franks and Lieb (50) and discussed in detail in Hung et al (16) , this is similar to hydrophobic matching to approach the hydrophobic thickness of a pair of cholesterol molecules, very much like the phenomena of hydrophobic matching to gramicidin channels (51) . Indeed gramicidin also renders the electron density profiles of the surrounding lipids invariant with hydration levels (48) . The effect of ergosterol on DMPC, POPC and DOPC bears no resemblance to a hydrophobic-matching effect. The interactions of ergosterol and cholesterol with lipid chains are dissimilar, particularly with unsaturated chains. This finding also suggests future studies of other sterols. Fig. S1 . The chemical structures of cholesterol and ergosterol. Fig. S2 . As a routine procedure, we performed a two-dimensional (ω, 2θ) scan around a lamellar peak for each sample prior to the ω-2θ scan [see details in refs. 33, 35] . This is for sample alignment and for inspecting the sample quality. A correctly aligned sample has the peak position exactly at = in the (ω, 2θ) plane. A cut through the center of the peak along ω gives the conventional rocking curve. Shown as an example is the sample DMPC containing 38 mol% ergosterol (Fig. 3B) . All of our samples exhibited a narrow peak with a FWHM width 0.1 deg. 
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